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Abstract. During the JUICE Lunar-Earth Gravity Assist
(LEGA) period in August 2024, the JUICE ultraviolet imag-
ing spectrograph (JUICE-UVS) performed a series of obser-
vations of the Earth and Moon, detecting reflected sunlight
at the Moon and emissions of atmospheric species includ-
ing hydrogen, oxygen, and nitrogen at the Earth. These ob-
servations provided the first opportunity for in-flight calibra-
tion of the instrument response to extended planetary targets.
They were used to refine the wavelength calibration across
the full instrument bandpass, confirm accurate knowledge of
the pointing of the UVS field-of-view relative to the space-
craft, and validate previous measurements of the UV effec-
tive area determined from observations of UV-bright stars.
The observations performed also demonstrate the range of
scientific analyses to be performed during the science phase
of the mission and are useful for the development and testing
of relevant mapping tools and procedures. The JUICE-UVS
LEGA data confirm that the instrument is in good health and
well suited to its goals of characterizing the surfaces and
atmospheres of Jupiter’s icy moons, mapping and monitor-
ing Jupiter’s aurora and upper atmosphere, and studying the
Jupiter-Io connection.

1 Introduction

In August 2024, the European Space Agency’s JUICE mis-
sion successfully executed the first of four gravity assist ma-
neuvers to be performed in its 8-year journey to the Jupiter
system. During this combined Lunar-Earth flyby – the first

performed by any spacecraft –, JUICE first encountered the
Moon at a closest approach altitude of 752 km (19 Au-
gust 2024, 21:14:55 UTC), performing an Earth flyby the
following day with a closest approach altitude of 6839 km
(20 August 2024, 21:56:14 UTC). The Lunar-Earth Gravity
Assist (LEGA), in addition to providing necessary trajectory
adjustments, was the first opportunity for the JUICE instru-
ments to observe extended planetary targets and test opera-
tional and data analysis techniques that will be used exten-
sively during the mission’s science phase.

Among the 10 science instruments that comprise the
JUICE payload is the JUICE Ultraviolet Spectrograph
(JUICE-UVS) (Retherford et al., 2026), an imaging spectro-
graph sensitive to light at extreme- to far-ultraviolet (EUV
to FUV) wavelengths in the range 50–204 nm (Davis et al.,
2020). JUICE-UVS has broad measurement goals that in-
clude characterization and monitoring of Jupiter’s upper at-
mosphere and aurora (Fletcher et al., 2023), identification
and mapping of ice and non-ice surface materials on Jupiter’s
icy moons (Tosi et al., 2024), mapping and monitoring of
satellite aurora and tori/neutral clouds (Denk et al., 2026;
Tosi et al., 2024), and searches for H2O plumes and related
surface deposits on Europa (Tosi et al., 2024; Van Hoolst et
al., 2024). The basic instrument performance was verified via
observations of UV-bright stars and interplanetary hydrogen
and helium emissions during the Near-Earth Commission-
ing Phase (NECP) shortly after JUICE’s April 2023 launch,
and later in scheduled payload checkout windows (Davis et
al., 2024, 2025). However, to fully characterize the instru-
ment response at all wavelengths and all positions within the
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UVS field-of-view, observations of extended sources with
discrete spectral features at multiple wavelengths spanning
the full UVS bandpass are required. JUICE-UVS therefore
performed a comprehensive series of observations of both the
Moon and the Earth during the LEGA period.

This paper provides a summary of the JUICE-UVS LEGA
activities, beginning with an overview of the UVS instru-
ment design and observing modes (Sect. 2). We then present
the results of observations performed during the Lunar flyby
(Sect. 3), and the Earth flyby (Sect. 4), describing how they
are used for calibration and validation of the UVS perfor-
mance. Finally, in Sect. 5, we discuss similarities between
the observations performed during the LEGA period and
those that will ultimately contribute to JUICE’s exploration
of Jupiter and its moons.

2 Instrument design and operations

JUICE-UVS is the fifth in a series of six UV spectrographs
built by the Southwest Research Institute (SwRI) for plane-
tary missions (Stern et al., 2007, 2008; Gladstone et al., 2010,
2017; Retherford et al., 2024). While each instrument is op-
timized for its specific mission and science target, all use the
same basic optical design. Light enters the JUICE-UVS tele-
scope section via one of three apertures: a 40×40 mm square
airglow port (AP, the main aperture), a 10× 10 mm square
high resolution (HP) port – located in a deployable door be-
hind the AP entrance –, or a 0.25 mm diameter pinhole in
the solar port (SP), which is offset from the AP/HP aperture
by 60°. Light that enters the SP is then reflected off a small
pickoff mirror. In all three cases, the entering light is then
collected and focused by an off-axis paraboloidal (OAP) pri-
mary mirror (120 mm focal length) onto the spectrograph en-
trance slit. Light passing through the slit is then dispersed by
a toroidal diffraction grating, which focuses the UV bandpass
onto a microchannel plate (MCP) detector with a solar-blind,
UV-sensitive cesium iodide (CsI) photocathode read out by
cross-delay line (XDL) electronics. The OAP and grating –
which, like the housing are made of aluminum 6061, making
the system athermal – are coated with aluminum plus a mag-
nesium fluoride overcoat (Al/MgF2) to maximize reflection
at wavelengths > 115 nm. The SP pickoff mirror is coated
with gold, which is approximately 35 % reflective in the far-
UV, reducing the throughput to enable solar observations at
5 AU. The entrance slit, shown in Fig. 1, has a FOV of 0.1°
in the dispersion direction and 7.3° in the spatial direction
(i.e. perpendicular to the dispersion direction). The slit con-
tains an additional 0.2°× 0.2° box at one end to collect light
from the SP and accommodate the ∼ 0.1° solar disk as mea-
sured at the Jovian system. The completed flight JUICE-UVS
is also shown in Fig. 1.

JUICE-UVS science data can be collected in one of two
modes: histogram and pixel list. In pixel list mode, the in-
strument returns the x (spectral) and y (spatial) positions of

each event at the detector, as well as its pulse height (the
total charge generated when a photon/particle hits the detec-
tor, which can be used to monitor performance and discrim-
inate between photons and charged particles). Regular “time
hacks” are included in the list of events at a specified fre-
quency to provide temporal information. In histogram mode,
all detector events within a specified exposure time are his-
togrammed into a 2D array of pre-defined spectral and spa-
tial bins, and a 1D histogram of the associated pulse heights
is also returned. Histogram definitions are highly flexible,
and the spectral and spatial resolution may be varied across
the spectral image, for example by defining smaller spec-
tral bins (and thus obtaining higher spectral resolution) in a
wavelength range where key emission lines are expected and
larger bins outside of this spectral region. Histogram mode
typically results in a lower data volume than pixel list mode
for a given exposure duration.

Figure 2 shows example pixel list and histogram exposures
acquired during UVS commissioning activities (NECP; see
Sect. 1) in June 2023. Panel (a) shows an AP pixel list obser-
vation recording the full 4096× 4096 detector pixel space.
The active area of the detector takes up only a small frac-
tion of the available space, shown in Fig. 2b. This is because
an MCP detector does not have physical pixels; instead, the
x and y positions of each photon incident on the detector
are deduced from the time at which the associated charge
pulse reaches the ends of the two cross-delay lines compris-
ing the readout anode. JUICE-UVS uses 12 bit encoding for
both x and y positions, producing an 4096×4096 image, but
the size of the active area is limited by the physical size of
the detector and the time resolution of the electronics to a
smaller region within this space. The additional pixels out-
side of the active area are useful for monitoring instrument
performance. For example, on the full image in Fig. 2a, two
small dots can be seen to the upper left and lower right of
the active area (circled in the figure for clarity). These are the
“stim” pixels: internal signals created by the detector elec-
tronics that are used to monitor any changes in the position
of the active area with temperature. In the histogram image
(Fig. 2c) all pixels outside of the active area, including the
stim pixels, are mapped to a single bin at each edge of the
image, so Fig. 2c shows the full 2D image returned rather
than being cropped to the active area like Fig. 2b. Finally,
Fig. 2d shows a cropped HP pixel list observation, demon-
strating the sharper resolution achieved using this mode, at
the expense of lower throughput.

In each of the Fig. 2 exposures, the instrument was observ-
ing an empty region of sky, where the only expected source
of UV light is the interplanetary medium (IPM). This pro-
duces a single image of the UVS slit centered at detector
spectral (x) pixel ∼ 1475, which corresponds to the wave-
length of the H I Lyman-α emission at 121.6 nm. Subsequent
longer sky stares also detected a much fainter emission of
IPM helium at 58.4 nm (spectral pixel 871). The faint ver-
tical line seen near spectral pixel 1140 is an artifact known
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Figure 1. Left: The UVS FOV is defined by the shape of the slit, consisting of a 7.3°× 0.1° section with a 0.2°× 0.2° box at one end to
accommodate the Sun’s ∼ 0.11° angular diameter when viewed from 5 AU. Right: A photo of the completed JUICE-UVS shortly before
delivery to ESA with the apertures labelled (see text). Adapted from Davis et al. (2020).

as the Lyman-α ghost, which is caused by the reflectance of
Lyman-α light by the front surface of the detector back to the
grating, where it undergoes another reflection to a different
position on the detector. This ghost image was also seen in all
previous iterations of UVS (e.g., Slater et al., 2005). The Lu-
nar Earth Gravity Assist was the first time UVS was able to
obtain observations of extended sources with multiple known
spectral features spanning the full bandpass, providing an op-
portunity to test and refine various aspects of the instrument
calibration, as described in the following sections.

3 UVS observations of the Moon

3.1 Summary of observations performed

JUICE-UVS observed the sunlit surface of the Moon in a
series of exposures beginning at 19 August 2024, 21:20:38,
approximately 2 min after the UVS FOV crossed the ter-
minator from the nightside onto the sunlit hemisphere. At
the time of the first observation, the reflected UV solar flux
was considered low enough to allow a 30 s observation us-
ing the AP aperture. After this time, the light levels were too
high to observe without overwhelming detector count rates
in this mode, and the remaining observations were performed
through the HP aperture. Three HP observations of the sur-

face were acquired in histogram mode, followed by an HP
pixel list acquisition as the FOV moved off the Moon’s limb.
The timings and durations of the five observations are listed
in Table 1. Histogram acquisitions are commanded with a to-
tal time duration and an exposure time which can be shorter
or equal to the total duration. These times are shown in the
second and third columns in Table 1 (“Duration” and “Time
sampling”). For example, the first lunar HP histogram ac-
quisition consisted of 201 individual histograms with 0.6 s
exposure times.

3.2 Mapping the lunar surface

The orientation of the JUICE spacecraft during the Lunar
flyby meant that the direction of travel of the UVS FOV
over the lunar surface was mostly in the along-slit direction.
Across-slit (“push-broom”) motion is preferred for mapping
since this orientation naturally covers a 7.5°-wide region,
while an along-slit map only extends to the 0.1° slit width.
However, even a narrow map can be useful for checking the
instrument pointing if the region covered includes craters or
other significant surface features, the observed locations of
which can be compared to their known positions.

We used the AP pixel list data to produce a map of a
small region of the lunar surface, shown in Fig. 3. The in-
tensity values were obtained by summing counts observed
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Figure 2. Example spectral-spatial sky stare images from JUICE-UVS commissioning, demonstrating the main observational modes: (a) a
2 min AP pixel list image in full 4096× 4096 format including the active area and stim pixels (circled); (b) the same image cropped to show
the active area only; (c) a 6 min AP histogram of the same region of sky (uncropped, with binning as programmed during the acquisition);
(d) an 8 min HP pixel list observation (cropped to the active area). The brightening at the edges of the active area – most apparent in panel (c)
– is a pileup effect typical of MCP detectors and caused by field interactions with the MCP mounting clamps (e.g., Davis et al., 2011;
Siegmund et al., 2013).

Table 1. Summary of JUICE-UVS observations of the Moon performed during the LEGA period.

Observation Duration Time sampling Start time End time JUICE altitude at
description (s) (s) (UTC) (UTC) observation start (km)

AP pixel list 30 0.001 19 Aug 2024, 21:20:38 19 Aug 2024, 21:21:08 1090.2
HP histogram 1 121 0.6 19 Aug 2024, 21:21:15 19 Aug 2024, 21:23:16 1161.2
HP histogram 2 101 0.3 19 Aug 2024, 21:23:19 19 Aug 2024, 21:25:00 1435.1
HP histogram 3 56 0.15 19 Aug 2024, 21:25:03 19 Aug 2024, 21:25:59 1699.5
HP pixel list 60 0.001 19 Aug 2024, 21:26:02 19 Aug 2024, 21:27:02 1860.6

in the wavelength range 155–197 nm, and we have excluded
the 0.2°× 0.2° portion of the slit where the spatial resolu-
tion is reduced. The chosen wavelength range avoids an ex-
tended region around Lyman-α (121.6 nm) and a reflected
solar oxygen emission line at 130.4 nm where the flux was
too high for the detector to correctly process every photon,
leading to a localized but recoverable gain degradation ef-
fect. Since the solar flux increases exponentially through the
FUV region where the instrument responsivity is also higher,
the use of these longer wavelengths additionally provides im-

proved signal-to-noise relative to maps using the EUV end of
the bandpass. Figure 3b illustrates the UVS footprint at the
start, mid-point, and end of the observation, and identifies
the larger craters within the observed region. UVS observed
large contrasts between sunlit and shadowed regions in and
around the Kapteyn E, Langrenus W and Langrenus N craters
that are consistent with previous images under similar illumi-
nation conditions, demonstrating that the pointing definition
in the current UVS instrument kernel used by the JUICE mis-
sion is accurate.
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Figure 3. (a) Normalized map of sunlight reflected by the moon’s
surface during the 30 s AP pixel list, summed over the 155–
197 nm spectral region; (b) the projected position of the UVS
FOV at the start, midpoint, and end of the observation. The back-
ground image is the LRO Wide Angle Camera (WAC) global
mosaic at 100 m per pixel (https://astrogeology.usgs.gov/search/
map/moon_lro_lroc_wac_global_morphology_mosaic_100m, last
access: 8 October 2026). LRO LROC-WAC global mosaic courtesy
of USGS Astrogeology Science Center/NASA.

3.3 UV reflectance spectroscopy

In addition to mapping the Lunar data to confirm the in-
strument pointing, we can compare reflectance spectra ex-
tracted from the UVS observations to published FUV spec-
tra to check that the instrument effective area as a function
of wavelength is well characterized. To demonstrate this, we
produced two reflectance spectra from the first histogram ex-
posure: one using the first 18 s of the observation, which cov-
ered an area near Langrenus crater, and a second using a 30 s
period starting 72 s into the observation, when the UVS FOV
was within Mare Fecunditatis, as shown in Fig. 4.

To convert each UVS spectral-spatial image into a re-
flectance spectrum, we first sum over all y pixels to obtain
a 1D list of instrument counts for each x value (wavelength).
We divide by the exposure time to convert to counts s−1, and
by the solid angle of the UVS slit to get counts s−1 sr−1.
We then divide by the average instrument effective area in
cm2 as a function of x location – initially determined from
ground calibration (Davis et al., 2020) and later refined in
flight using observations of stars (Davis et al., 2024, 2025)
– to obtain a spectrum in units of photons cm−2 s−1 sr−1.
This is converted to a reflectance spectrum by dividing
a UV solar spectrum obtained on the same day by the

TIMED/SEE instrument (Woods et al., 2005). We also ap-
ply a simple photometric correction for the viewing geometry
by dividing by the Lommel-Seeliger function (LS(i,e, )=
cos(i)/(cos(i)+ cos(e)), where i and e are the incidence
and emission angles, respectively).

Figure 5 shows normalized UV Lunar reflectance spectra
measured by JUICE-UVS for the two surface regions iden-
tified in Fig. 4. Also shown are Lunar spectra obtained by
the Lyman Alpha Mapping Project (LAMP; Gladstone et al.,
2010), another instrument in the SwRI UVS series of UV
spectrographs flying on the Lunar Reconnaissance Orbiter
(LRO). The JUICE-UVS results are compared with LAMP
observations of regions near Aristarchus crater (Czajka et
al., 2023) in Fig. 5a, and regions near Tycho crater (By-
ron et al., 2020) in Fig. 5b. For both comparisons we have
adopted the normalization wavelength of 155 nm used by
Czajka et al. (2023) and we have cropped the JUICE-UVS
data to match the spectral range shown in the LAMP papers.
The spectral shape of all datasets is similar at wavelengths
< 165 nm, with different terrains showing more variation at
longer wavelengths. The two JUICE-UVS spectra are very
similar to the Byron et al. (2020) Mare and Highlands spec-
tra at all wavelengths except around 167–173 nm, where all
LAMP spectra other than the Aristarchus crater rim spectrum
appear to show an absorption feature not observed by JUICE.
Since none of the published LAMP reflectance spectra cover
the exact region observed by JUICE-UVS, further work is
required to determine if the spectral differences near 170 nm
are due to varying lunar surface photometric properties or if
they may result from inaccuracies in the effective area cali-
bration of either instrument, or the relatively large uncertain-
ties associated with the TIMED/SEE solar spectrum, which
average ∼ 16 % between 167 and 173 nm. The good agree-
ment with LAMP spectra outside of this small part of the
spectrum suggests that the JUICE-UVS effective area is gen-
erally well characterized in the FUV.

4 UVS observations of the Earth

4.1 Summary of observations performed

During the Earth flyby, JUICE-UVS was able to observe for
almost 35 min, beginning on the nightside at an altitude of
∼ 13550 km and continuing onto the dayside, with the final
observation covering the sunlit limb. The path of the UVS
footprint during the observation period is shown in Fig. 6,
and details of the observation sequence are given in Table 2.
A final observation of the near-Earth environment was per-
formed 3 d after the flyby, when the spacecraft performed a
360° spin that brought the UVS FOV within a few degrees of
the Earth.
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Figure 4. UVS footprint at the start and end of two periods within the first HP histogram observation: 0–18 s, when the instrument observed
the region around Langrenus crater, and 72–102 s, when the FOV was within Mare Fecunditatis. The background image is the LRO Wide
Angle Camera (WAC) global mosaic at 100 m per pixel (https://astrogeology.usgs.gov/search/map/moon_lro_lroc_wac_global_morphology_
mosaic_100m, last access: 8 October 2026). LRO LROC-WAC global mosaic courtesy of USGS Astrogeology Science Center/NASA.

Figure 5. Normalized lunar reflectance spectra obtained by JUICE-UVS for the two surface regions shown in Fig. 4, compared with LAMP
spectra from Czajka et al. (2023) in panel (a), and from Byron et al. (2020) in panel (b).

4.2 Measuring Earth’s UV airglow emissions

4.2.1 Wavelength calibration

The Earth’s UV spectrum contains many airglow emissions,
including hydrogen, helium, oxygen and nitrogen species.
Since these occur at known wavelengths, they are useful for
wavelength calibration, allowing us to convert each x po-
sition on the detector to an equivalent value in wavelength
units (nm or Å). This relationship changes as a function of y
position on the detector, making the final solution for a two-
dimensional coordinate transform necessary and difficult to
produce without extended source data of this type covering a
wide range of the instrument’s spectral bandpass.

The only UV emissions present at detectable levels in the
UVS nightside Earth observations are Lyman-α and two faint
neutral oxygen emissions at 130.4 and 135.6 nm. In con-

trast, the dayside observations contain many bright spectral
features, which are produced primarily by resonant scatter-
ing of sunlight by atmospheric species including oxygen and
nitrogen and are distributed throughout the UVS bandpass.
We therefore use the dayside HP pixel list 2 observation for
wavelength calibration. Figure 7 shows a spectral-spatial im-
age of dayglow observed during this exposure. Below the im-
age is a summed spectrum of instrument counts per second
as a function of x pixel, with key spectral features labeled
and red vertical lines indicating the positions of all identified
emission lines. The apparent structure seen in the image at
the location of the bright Lyman-α line is not a real spatial
variation but evidence of temporary localized gain degrada-
tion where the detector is unable to keep up with the large
local UV flux. This appears to affect the lower half of the slit
more than the upper half, which is likely related to the along-
slit motion of the FOV during the flyby. During this partic-
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Figure 6. Map showing the path of the JUICE-UVS footprint during the Earth flyby observations. The position of the boresight at the start
of each histogram observation and HP pixel list 2 are also shown (the boresight was off the Earth above the nightside limb during the two
earlier pixel list observations).

Table 2. Summary of JUICE-UVS observations of the Earth performed during the LEGA period.

Observation Duration Time sampling Start time End time JUICE altitude at
description (s) (s) (UTC) (UTC) observation start (km)

AP pixel list (night) 120 0.001 20 Aug 2024, 21:16:12 20 Aug 2024, 21:18:12 13 550.5
HP pixel list 1 (night) 210 0.001 20 Aug 2024, 21:18:16 20 Aug 2024, 21:21:46 13 006.3
HP histogram 1 (night) 579 3.0 20 Aug 2024, 21:21:53 20 Aug 2024, 21:31:32 12 078.8
HP histogram 2 (night-day) 645 2.0 20 Aug 2024, 21:31:33 20 Aug 2024, 21:42:18 9812.9
HP histogram 3 (day) 326 1.0 20 Aug 2024, 21:42:23 20 Aug 2024, 21:47:49 7858.0
HP pixel list 2 (day) 178 0.001 20 Aug 2024, 21:47:53 20 Aug 2024, 21:50:51 7218.4
HP pixel list – sky spin 4800 [3600 s spin plus 0.001 23 Aug 2024, 04:00:12 23 Aug 2024, 05:20:12 726 580.2

ramp up/down periods]

ular exposure, the Earth’s limb started to move through the
slit from the top down, while the bottom of the slit remained
on the Earth’s disk throughout and therefore accumulated the
most flux from the dayside emissions.

Table 3 lists the known wavelength of each identified emis-
sion line along with the x position at which the line falls
in the summed image shown in Fig. 7b. In order to obtain
a two-dimensional wavelength solution, the spectral-spatial
image in Fig. 7a is used to create a series of summed spectra
from different y positions along the slit (co-adding 100 pix-
els with a sampling of 50 pixels). For each of these spectra,
the x positions of a subset of the emission lines were fitted
using a Gaussian fitting routine. The selected lines are iden-
tified in the 4th column of Table 3, and were chosen based
on the strength of the emission, while avoiding blended fea-
tures where several close lines overlapped. Another curve fit-
ting procedure was then used to fit the x position vs. known
wavelength, to obtain a full wavelength solution for a given
y position. This was then interpolated to a 2D map to obtain
the wavelength at every position within the detector active

area. The best solution was a fifth-order polynomial, shown
in Fig. 8. The pixel size in nm therefore varies slightly across
the detector, with values of∼ 0.11 nm per pixel near the cen-
ter of the active area and ∼ 0.07 nm per pixel at the edges of
the bandpass, as shown in Fig. 9. These values are consistent
with the pre-delivery calibration (Davis et al., 2020) as well
as the detector behavior characterized during its standalone
testing (Davis et al., 2019).

4.2.2 Airglow time series

The wavelength calibration described above required only
the position of each airglow emission line, but we can also
compare their intensities to published brightnesses as an ad-
ditional check of the instrument effective area calibration. We
used the three HP histogram observations to produce time se-
ries plots showing the how the brightness of Lyman-α and the
two neutral oxygen emissions at 130.4 and 135.6 nm varied
as the UVS FOV moved from the nightside, across the dawn
terminator, and onto the dayside. Each histogram observation
consists of multiple frames obtained at the sampling intervals
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Figure 7. Dayglow emissions observed during the last JUICE-UVS pixel list exposure during the Earth flyby. The top panel is a spectral-
spatial image, cropped to the active area of the detector. The bottom panel is a spectrum produced by summing over all y pixels in the image.
Known spectral features are marked with red vertical lines.

shown in Table 2. We extracted a spectrum from each frame,
divided by the sampling time to convert to counts s−1 and
then by the solid angle of the slit and the UVS effective area
as a function of wavelength to get photons s−1 cm−2 sr−1. We
then multiplied the spectrum by a factor of 4π/106 and inte-
grated the signal over the widths of the individual emission
lines to get intensity values in Rayleighs at the three wave-
lengths of interest.

Figure 10 (top panel) shows how the intensity of the three
brightest airglow emissions varied over the sequence of three
histograms. The dark grey shading indicates nightside mea-
surements, while the light grey shows times around the ter-
minator crossing when the slit was partially on both the day-
side and nightside. Also plotted are horizontal lines showing
expected column emission rates for the two oxygen emis-
sions from Meier (1991), which are representative of mod-
erately active solar conditions. While the Earth’s UV oxy-

gen emissions have been observed more recently, for exam-
ple by the Global Ultraviolet Imager (GUVI) on NASA’s
Thermosphere Ionosphere Mesosphere Energy and Dynam-
ics (TIMED) mission (Paxton et al., 1999), recent studies
specifically measuring dayglow are sparse, and the Meier pa-
per remains the most useful compilation of UV dayside and
nightside emission intensities. In any case, both dayglow and
nightglow emissions are known to be both spatially and tem-
porally variable, so we would not necessarily expect a perfect
agreement between the JUICE-UVS measurements and any
previously published intensities.

JUICE-UVS measurements of both the individual 130.4
and 135.6 nm emissions (Fig. 10, top) and the ratio of the
two (Fig. 10, middle) are very similar to the Meier (1991)
values on the nightside. On the dayside, both oxygen emis-
sions increase in intensity with time, reaching peak val-
ues of 21 kR (130.4 nm) and 4.4 kR (135.6 nm); consid-
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Table 3. List of identified spectral features detected in the Earth
dayside pixel list observation (HP pixel list 2). Italics indicate in-
strumental artifacts rather than true spectral features.

Species Wavelength x Used in fitting
(nm) pixel routine?

He I 58.4 871 y
1304 ghost n/a 953 n/a
LyA ghost n/a 1138 n/a
N I 91.6 1205 y
N2 94.6 1233 y
O I 98.9 1270 y
H I LyB / O I 102.6/102.7 1305 y
N I 108.5 1356 y
N I 113.4 1401 y
O I 115.2 1416 y
N I 116.8 1434 y
H I (LyA) 121.6 1475 n
N2 (LBH) 127.3 1527 y
O I 130.4 1556 y
O I 135.6 1603 y
N2 (LBH) 138.4 1631 y
N2 (LBH) 141.6 1658 y
N2(LBH) 143.1 1671 n
N2 (LBH) 144.6 1683 n
N2 (LBH) 146.5 1702 y
N2 (LBH) 149.5 1727 y
N2 (LBH) 151.1 1743 n
N2 (LBH) 153.1 1761 n
N2 (LBH) 155.8 1786 y
N2 (LBH) 158.6 1812 n
N2 (LBH) 160.2 1829 n
O I 164.1 1856 n
N2 (LBH) 167.5 1893 y
N2 (LBH) 169.0 1909 y
N2 (LBH) 175.4 1967 y
N2 (LBH) 177.1 1990 y
N2 (LBH) 183.9 2063 n
N2 (LBH) 185.6 2083 n
N2 (LBH) 191.4 2146 y
N2 (LBH) 193.0 2170 y
N2 (LBH) 194.7 2191 y

y: yes, n: no, n/a: not applicable

erably brighter than the Meier (1991) values of 10.5 kR
(130.4 nm) and 1.1 kR (135.6 nm). The intensity of the UV
dayglow emissions is dependent on multiple factors, includ-
ing solar zenith angle, geomagnetic conditions, ionizing so-
lar flux, and viewing angle. A detailed analysis account-
ing for each of these factors is beyond the scope of this
initial overview paper, but GUVI summary plots for the
same day are available online (https://guvitimed.jhuapl.edu/
guvi-galleryl1bspec_V013, last access: 8 October 2026) and
show similar peak intensities at 130.4 nm and Lyman-α (both
∼ 20 kR) and a lower peak value of ∼ 2 kR at 135.6 nm. The
discrepancy between the GUVI and JUICE-UVS 135.6 nm

Figure 8. The JUICE-UVS wavelength solution measured using
LEGA airglow lines is a fifth-order polynomial.

Figure 9. The measured JUICE-UVS pixel size varies from ∼
0.07 nm at the edges of the detector to ∼ 0.11 nm near the center.

measurement is a good demonstration of the effect of view-
ing angle, as described below.

The ratio between the two oxygen emissions (Fig. 10, mid-
dle) varied through the dayside measurements, falling from
a ratio of ∼ 10 at the start of the dayside observations to < 5
by the end of the third histogram. This observed trend can
be explained by considering the changing angle between the
nadir direction and the UVS boresight, plotted in the bottom
panel of Fig. 10. As the UVS boresight moved away from
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Figure 10. Time series of H I Lyman-α, O I 130.4 nm, and O I 135.6 nm airglow emissions over the sequence of three HP histogram
observations (top panel). Also shown is the 130.4/135.6 nm intensity ratio (middle panel) and the angle between the UVS boresight and
nadir (bottom panel). The dark shaded region in each panel indicates observations on the nightside, and the light grey area shows the time
period around the terminator crossing where the UVS footprint extended into both the dayside and nightside. Peak emission intensities
measured by TIMED/GUVI on the same day are shown near the end of the time series when JUICE was closest to local noon. The GUVI
values are estimated from the Level B Spectrograph summary plots at https://guvitimed.jhuapl.edu/guvi-galleryl1bspec_V013 (last access:
8 October 2026) (Year: 2024; Day of Year: 233; Orbit: 123163).

nadir, the instrument observed a larger atmospheric column
and the intensity increased relative to a measurement point-
ing at nadir. The intensity of the optically thin 135.6 nm emis-
sions continued to increase as the off-nadir angle increased,
while the optical thickness of the 130.4 nm emissions led to
a plateau in the observed intensity at that wavelength, so that
the observed 135.6/130.4 nm intensity ratio dropped below
the Meier (1991) ratio of 9.8 for nadir-pointed dayside ob-
servations. This effect has previously been demonstrated: for
example, Gladstone (1994) produced simulations of Dynam-
ics Explorer 1 UV airglow images, finding that the optically
thick 130.4 nm oxygen emission is a fairly uniform 15–20 kR
across the Earth’s dayside disk, while the optically thin N2
LBH and oxygen 135.6 nm emissions both exhibit significant
limb brightening.

4.3 Post-LEGA spin map of Earth’s extended
exosphere

Three days after the Earth flyby, UVS had one final oppor-
tunity to observe Earth’s extended exosphere when JUICE
performed a 360° roll around the spacecraft x axis, allowing

UVS to map a 7.5° swath of the sky. While the FOV did not
cross the Earth during this spin, it covered a region between
∼ 2 and 15 Earth radii (RE) above the surface. Figure 11
shows the mapped distribution of the photons observed in
this area, with an image of the Earth scaled to the correct
angular size and location at the time of the observation also
shown for context. UV emissions from the Earth’s extended
geocorona are visible, as are the Pleiades star cluster and
several UV-bright stars in the constellation Taurus. Almost
all the near-Earth emissions can be attributed to Lyman-α,
as shown by the right panel in Fig. 11 (both images use the
same scaling, shown by the color bar). The stars appear much
dimmer when mapping Lyman-α only, as expected. The rel-
ative intensity of each star at Lyman-α is determined by
both its magnitude and its spectral type. We used the spin
data to search for emissions of helium (58.4 nm) and oxygen
(130.4 nm), which may also extend to high altitudes above
the Earth, but none were present at detectable levels.

Figure 12 demonstrates how this final post-LEGA ob-
servation can be used to provide further confidence in the
accuracy of the UVS calibration. Panel (a) shows the ob-
served distribution of geocoronal Lyman-α after conversion
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Figure 11. JUICE-UVS map of a region near the Earth obtained a few days after the LEGA Earth flyby. Geocoronal H I Lyman-α emissions
at 121.6 nm dominate near the Earth, as shown in the right panel, and UV-bright stars in the constellation Taurus become more prominent
when the image is integrated over all wavelengths, as shown on the left.

Figure 12. Examples of analyses facilitated by the post-LEGA UVS scan observation: (a) map of Lyman-α brightness observed near the
Earth by JUICE-UVS; (b) radial Lyman-α brightness profile extracted from a 0.2°-wide latitude region centered on the dashed white line in
panel (a); (c) comparison between the observed positions of the 12 stars in the Pleiades with the highest expected UV flux and their known
positions (shown by green dots).
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to brightness units of kR, while Fig. 12b shows a radial
brightness profile extracted from a 0.2°-wide Ecliptic lati-
tude region centered on the dashed white line in Fig. 12a.
While the intensity of geocoronal Lyman-α is time variable,
the observed brightnesses and distribution are consistent with
previous observations (e.g., Bertaux, 1978; Baliukin et al.,
2019). Finally, Fig. 12c compares the position of stars in the
Pleiades mapped by UVS to the expected positions of UV-
bright stars listed in the CUBS catalog (Velez et al., 2024),
finding an excellent agreement.

5 Application to future observations of the Jupiter
system

The observations performed by UVS during the LEGA pe-
riod demonstrate some of the key measurement techniques
to be used during JUICE’s tour of the Jovian system and
its orbit around Ganymede. Here, we describe how observa-
tions similar to the LEGA ones will be used to study the icy
moons, but the same techniques will also be applied to ob-
servations of Jupiter, as summarized by Fletcher et al. (2023)
and Retherford et al. (2026).

During a typical flyby of one of Jupiter’s icy moons, UVS
will perform a series of disk scans and limb stares on ap-
proach and departure, as well as high-resolution surface ob-
servations at closest approach. Each disk scan will extend
several hundred km above the limb of the target (nominally
∼ half the satellite radius); in addition to mapping the surface
reflectance and the morphology of any auroral or airglow
emissions during these scans, UVS will image the extended
hydrogen and oxygen coronas of the moons, providing con-
straints on the composition, distribution, sources and sinks of
the moon atmospheres. These coronal emissions will appear
similar to the image of the Earth’s extended hydrogen corona
obtained after the LEGA Earth encounter (Figs. 11 and 12),
but dimmer: Ganymede’s hydrogen corona, for example, has
a peak Lyman-α brightness in the range ∼ 250–560 R at the
limb (Barth et al., 1997; Alday et al., 2017), while JUICE-
UVS observed Lyman-α intensities > 20 kR at the Earth’s
limb, reducing to < 1 kR near 15RE.

In between disk scans, limb stares will be performed at
a range of latitudes and local times. In these periods, the
UVS slit will be positioned either at a tangent to the sunlit
limb, close to but not touching the surface, or perpendicu-
lar to this, with the boresight at the limb. The first design
achieves the best coverage of the low altitudes where the ten-
uous atmospheres are densest, providing the best opportunity
to detect weak emissions from minor species. The second de-
sign provides a measurement of the vertical structure of the
atmosphere at a specific location and time of day. While the
FUV spectra of the icy moon atmospheres are not expected
to contain as many emission lines as the Earth spectral image
shown in Fig. 7, the wavelength calibration facilitated by the
filled-slit Earth observations is critical for the correct identi-

fication of any new spectral features observed in these limb
stares. UVS will search for emissions of a range of possi-
ble atmospheric species, including carbon (156.1, 165.7 nm),
carbon monoxide (Cameron and 4P band emissions), sulfur
(138.9, 142.9, 147.9, 166.7 nm), chlorine (134.9, 138.6 nm),
etc.

Since the icy Galilean satellite atmospheres are dominated
by water group species, the two UV oxygen emissions at
130.4 and 135.6 nm are among the most important atmo-
spheric emissions to map and monitor. Previous observations
by the Hubble Space Telescope and Juno-UVS have detected
these emissions at all three moons, with brightnesses ranging
from a few Rayleighs at Callisto (Cunningham et al., 2015)
to tens to hundreds of Rayleighs at Europa (Roth et al., 2016)
and several hundred Rayleighs at Ganymede (e.g. Feldman et
al., 2000; McGrath et al., 2013; Greathouse et al., 2022). By
measuring the ratio of the two oxygen lines at different lo-
cations and local times – similar to the time series shown in
Fig. 10 – JUICE-UVS will determine the spatial and tempo-
ral distribution of oxygen species including O2, H2O, and
O. Regions dominated by O2, for example, will exhibit a
135.6/130.4 nm intensity ratio of ∼ 2.3 (Kanik et al., 2003),
while the addition of H2O or O produces significantly lower
ratios. This technique has previously been used to confirm
the presence of a localized H2O atmosphere above the subso-
lar point on Ganymede (Roth et al., 2021) and on the dayside
trailing hemisphere of Europa (Roth, 2021).

Near the closest approach of each satellite flyby, JUICE
will rotate from its nominal power-optimized steering atti-
tude to align the spacecraft y axis with the direction of travel.
This push-broom orientation means the motion of the UVS
FOV over the surface will be in the across-slit direction, cov-
ering a much larger angular extent than the mostly along-slit
image of the lunar surface shown in Fig. 3a. However, the
spacecraft altitude during the UVS lunar observations was
within the range of closest approach altitudes sampled by
the mission – for example, the 10th Callisto flyby currently
planned for 14 August 2032 has an altitude of 1109.7 km –
and the image is therefore a good representation of the UVS
mapping ability expected for a moderately close flyby (the
minimum altitude of any flyby in the tour is 200 km). Within
the UVS lunar map it is possible to resolve spatial variations
on the scale of several km, such as the shadow within the
12.5 km diameter Langrenus N crater. The spatial resolution
of the instrument varies with wavelength; in the 155–197 nm
range used for the map the angular resolution is in the range
0.2–0.3° at most positions along the slit (Davis et al., 2020).
This is equivalent to a spatial resolution of 3.8–5.8 km from
an altitude of 1100 km, and the lunar map therefore appears
in line with expectations.

The UV reflectance did not vary much over the region of
the lunar surface observed by JUICE-UVS, as demonstrated
by the similarity of the two spectra plotted in Fig. 4. At the
icy moons, it is expected that larger contrasts will be ob-
served, depending on the spatial distribution of water ice,
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which becomes highly reflective at wavelengths > 165 nm,
and other volatiles such as CO2 and SO2 that also have dis-
tinct spectral features in the UVS bandpass. UVS will map
these volatiles by ratioing images obtained within different
spectral regions, for example λ > 165 nm / λ < 165 nm for
water ice. This technique was used by Juno-UVS during the
2021 Juno flyby of Ganymede (Molyneux et al., 2022), but
the JUICE-UVS maps will benefit from improved spatial
coverage, temporal coverage, and longer integration times,
leading to significantly improved understanding of the sur-
face composition of each moon and how it is influenced by
ongoing exogenic and/or endogenic processes.

While the LEGA observations are useful examples of
JUICE-UVS measurement techniques based on reflectance
and emission spectroscopy, absorption spectroscopy is also
important and has not yet been demonstrated. Most of the
UV emission lines expected at both Jupiter and its moons
are atomic transitions, analyses of which rely on assump-
tions about the identity and number density of the parent
molecular species, and the local electron population respon-
sible for exciting the emissions. However, many of the ex-
pected atmospheric species – including H2O, O2, CO2 at
the icy moons, and CH4, C2H2, NH3 at Jupiter – absorb
light within the UVS bandpass. JUICE-UVS will measure
this absorption using stellar and solar occultations, which
provide high resolution, localized information about atmo-
spheric composition and vertical structure. Observations of
the Galilean moons as they transit across Jupiter will also be
used to search for localized absorption around the limbs that
may be associated with any active plumes. There were no op-
portunities to observe occultations by the Earth or Moon dur-
ing the LEGA period. While there are some occultations of
UV-bright stars by both bodies during the next Earth gravity
assist (EGA2, 28 September 2026), none fall in the periods
when off-pointing away from the nominal JUICE attitude is
permitted and so they cannot be performed. A stellar occul-
tation is therefore the highest priority activity identified by
JUICE-UVS for the final gravity assist maneuver (EGA3) in
January 2029.

6 Summary and Conclusions

During the JUICE Lunar Earth Gravity Assist period on 19–
20 August 2024, JUICE-UVS observed ultraviolet sunlight
reflected by the lunar surface and UV airglow emissions
in the Earth’s atmosphere. These observations provided the
first opportunity for calibration of the instrument response
to extended planetary targets. A full-resolution spectral im-
age of the Earth’s dayside was used to refine the detector
wavelength solution, improving on the ground calibration
described by Davis et al. (2020), and UV reflectance spec-
tra of the Moon were compared to data from LAMP – an-
other SwRI UV spectrograph with the same basic design as
JUICE-UVS – with a generally good agreement found be-

tween the two instruments, demonstrating that the JUICE-
UVS effective area at wavelengths > 130 nm is well char-
acterized. Mapping the first lunar dayside observation to
the surface similarly demonstrated that the instrument point-
ing is accurately represented in the current instrument ker-
nel. A final image of the Earth’s extended atmosphere and
nearby stars was obtained during a spacecraft spin on 23 Au-
gust 2024. The measured locations of stars in the Pleiades
cluster further confirmed the accuracy of the instrument
pointing, and the observed brightness of geocoronal Lyman-
α in the altitude range ∼ 2–15RE was found to be consistent
with previous observations of the same region.

The observations performed by UVS during LEGA cov-
ered most of the key observing techniques that will be used
during the science phase of the mission and are useful for the
development of data analysis tools and procedures in addi-
tion to their value for instrument calibration. Further obser-
vations in the remaining gravity assist periods will monitor
the instrument performance and provide further tests of data
collection methods, for example using different binning def-
initions in histogram observations. Payload operations were
not permitted during JUICE’s August 2025 Venus gravity as-
sist, but planning is currently underway for the second Earth
gravity assist (EGA2) on 28 September 2026. It is expected
that JUICE-UVS will again perform filled-slit observations
near closest approach, similar to those described in Sect. 4. A
limited amount of pointing away from the nominal spacecraft
attitude will be permitted within specific periods in the days
around closest approach, and it is anticipated that UVS will
ride along with distant observations of the Earth and Moon
planned at these times. UVS will again ride along with rolls
around the spacecraft x axis, similar to the one mapped in
Figs. 11 and 12, and the possibility of performing a scan of
the Earth’s nightside during a period in eclipse on approach
to the flyby is also being investigated. Further opportunities
for Earth observations will occur during EGA3 on 17 Jan-
uary 2029, and UVS aims to prioritize stellar occultations
during that final Earth flyby period.

Data availability. The JUICE-UVS data acquired during the
JUICE LEGA period are currently under the mission’s cruise-
phase proprietary period and will be made publicly available
through the ESA Planetary Science Archive (PSA) following the
first Cruise Archive Delivery in 2029. However, all data used
for this study will also be included in the PSA Guest Stor-
age Facility archive associated with this special issue (Euro-
pean Space Agency, 2026, ESA-JUICE_LEGA-Special-Issue_v1.0,
https://doi.org/10.57780/esa-2bb387d).

The TIMED/SEE solar spectrum used to produce the lunar re-
flectance spectra in Fig. 5 is available through the LASP Interactive
Solar Irradiance Datacenter (LISIRD) at https://lasp.colorado.edu/
lisird/data/timed_see_ssi_l3 (last access: 8 October 2026).
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